A procedure to estimate dimensions of digesta particles was developed and evaluated. After wet sieving, particles of masticated switchgrass and bermudagrass hays retained on sieves with apertures of 1.0 mm2 or larger were placed on moist white filter paper, separated manually, and photographed. Photographs were scanned with a flat-bed scanner, scaled to size, and digitized. Projected area, perimeter, length, and width of particles were determined by a microcomputer system. Variables derived for each particle included the form factor, which was defined as (4 x n: x area)/perimete$, and each particle's length: width ratio. Ninety-three percent of data from two trials with steers had significant lack of fit (P < .05 to P K .O001) to normal, lognormal, Weibull, or gamma distributions. As an alternative, individual particle measurements were summed on a cumulative percentage basis for each variable and were fit to an inverted Gompertz function to estimate median, mode, and mean dimensions of scanned particles. Estimates from the equation fit the distribution well; asymptotic SE averaged 3.5 and 1.4% of parameter means for dimensions of masticated switchgrass and bermudagrass hay particles, respectively. No analytic solution exists for the mean, which must be estimated numerically, but analytic solutions are available for the median and mode. Use of this equation will prevent bias caused by lack of fit to a particular distribution and yield more accurate estimates of mean particle dimensions than arithmetic means.
Introduction
Size and shape of ingested forage particles have been reported to affect voluntary intake (Troelsen and Campbell, 1968) and rate of fermentation and retention time of digesta reported that length, width, projected area, perimeter, and 1ength:width ratio of ingested forage particles affaed nunination activity.
Forage particle dimensions have been measured manually with a ruler (Evans et d., 1973), using a microscope equipped with a graticule (Moseley, 1984) . or with a profile projector (McJkod, 1986) . Recently, dimensional image analysis systems (Luginbuhl et al., 1984; Oma and Sekine, 1989) or electronic digitizers (Wilson et al., 1989) have been used to measure forage and digesta particles.
The objectives of our study were to develop a procedure 1) to determine dimensions of wet-sieved, masticated switchgrass and Coastal bermudagrass hay particles using an electronic image scanuer interfaced with a microcomputer, 2) to examine the frequency distribution of particle dimensions, and 3) to develop an approach that yields summary statistics with minimal assumptions about distributions be tween sieves, samples, andtor) forage cultivars.
Experimental Procedure
In Trial 1, boli of ingested, masticated switchgrass (Panicum virgatum &.I cv. Kanlow) hay were collected at the cardia (Lughbuhl et al., 1989a ) from one nuninally cannulated Hereford steer (725 kg BW), immediately placed in plastic bags, and frozen.
Hay, averaging 77% NDF (Robertson and Van Soest, 1981) . was fed in the long form and allotted daily at 1o00, this allotment of feed (4.5 kg/d) represented 70% of the voluntary DMI determined during the previous 10 d.
Samples of ingested, masticated hay (MH)
were thawed and wet-sieved (Luginbuhl et al., 1989a ) using seven 20-cm i.d. sieves with square apertures of 5.6, 2.8, 1.7, 1.0, .5, .125, and .038 mm on a side. 1989a) . Three to four boli were collected per meal. Sampling took place 5 to 10 min after allotment of the morning feed (O900). Upon thawing, samples of h4H were separated by wet-sieving (Luginbuhl et al., 1989a) 
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(with square aperhues of 4.0, 2.0, 1.0, .5, .25, .125, and .063 mm on a side) and glass fiber filters6 (.0027-mm effective retention).
Preparation of Sieved Masticated Particles. After wet-sieving, MH retained on the 5.6-, 2%. 1.7-, and 1.0-mm sieves (?'rial 1) and on the 4.0-and 2.0-mm sieves (Trial 2) was washed onto filter papers' held in a Buchner funnel. Filter papers were then placed on plastic plates and masticated fragments were separated from each other with tweezers ( Figure 1 ). In T r i a l 1, particles retained on the 5.6-, 2.8-, and 1.7-mm sieves also were visually separated into leaf and stem fragments. After manual separation, particlecontaining filter papers were positioned on a slide viewer box covered with a polystyrene sheet. Occasional spraying with water during manual separation and preparation for photography kept the material hydrated and prevented normal drying and curling of thin particles, especially leaf fragments. For comparison, particles from one sample of switchgrass (Trial 1) were photographed hydrated and again after air-dIying at mom temperature for 3 d. Photographs were taken with a 35-mm single lens reflex camera* mounted on a copy stand and equipped with a 50-mmf3.5 macro lensg; 3 809 film for black and white prints'O was used. A light source was placed under the polystyrene sheet to prevent shaded projections of the largest and(or) protruding particles. Photographs were printed on 12.7-x 17.8cm highcontrast photographic paper". A set of filters12 was used to further increase contrast during printing. Photographs were subse quently scaled to size, scanned, and interpreted by the computer system described below.
Computerized System. 
NJ.
CA. [I1 y = 100 -100 * e(*)@ -' ' ) where Y = cumulative percentage of dependent variable of interest oversize "s", b (beta) and k (kappa) = estimated parameters, and s = values of independent variable of interest.
The Gomprtz equation was chosen because of the shape of the sigmoidal curve and the fact that particle dimensions do not start at zero, but sometimes far from the axis origin.
The Marquardt NLIN procedure of SAS (1985b) was used to fit the cumulative data to equation [l] using initial parameter estimates of 1.0, 2.0, and 4.0 for beta and .l, .2, .5, 1.0, 2.0, 4.0, and 6.0 for kappa. Partial derivatives for beta and kappa are as fo2lows: beta = -100 * V andkappa= 100 * s * v, wherev = u * An analytic solution for the mean is not available for equation [l] , and the mean must be estimated using a numerical integration of the first derivative with respect to s: e(@ and u = -1 * ecb -k * s ) .
y ' = -100 k * e@-k* s) * e(*@-"')). [2] 3810 LUGJNBUHL ET AL.
The analytic solutions for the mode and the median are as follows (Gompertz, 1825):
Statistical Analysis. Data from Trial 2 were subjected to ANOVA for a balanced 4 x 4 Latin square experiment (Lucas, 1948); one cell was missing because of replacement of one animal after the first period (Luginbuhl et al., 1989b 
Results and Discusslon
Frequency Distribution. Out of a total of 42 (number of sieves x number of plant fragments x number of variables) curves (Trial 1) and 144 (number of animals x number of diets x number of sieves x number of variables) curves (Trial 2) tested for either normal, lognormal, Weibull, or gamma distributions, only 13 (7%) showed no significant lack of fit (P > .05) to the statistical distributions ( Table   1 ). In the 13 cases that fit a statistical distribution, PE, LE, LWWI, and FF fit only one of the four distributions tested. Evidence of gamma distribution was most prevalent, whereas no variables fit a lognormal distribution. A normal distribution was observed in only one case (length, Trial 1).
In Trial 1 (Table l) , all variables from switchgrass fragments retained on the 1.0-mm sieve (data not shown) had signifkant lack of fit (P < .001) to the four Statistical distributions; this also was true for PE, WI, and FF of leaf and stem fragments retained on the 1.7-, 2.8-, and 5.6-mm sieves (data not shown). The only evidence of a normal distribution was observed for LE of leaf fragments retained on the 2.8-mm sieve. The AR and I 4 W I from stem fragments retained %dudes data from all variables measured. b*cNot including asymptotic SE values from particle width (Trial 1: beta = 2.6, kappa = 2.2; Trial 2: beta = 1.2, kappa = 1.0).
on the 5.6-mm sieve and AR from stem fragments retained on the 1.7-mm sieve fit both Weibull and gamma distributions. Conversely, only LE/WI from leaf fragments retained on the 5.6-mm sieve showed no significant lack of fit to the gamma distribution.
In Trial 2, with Coastal bermudagrass hay ( Gamma and Weibull distributions, respective ly, were observed for LJ3WI on the 50 and 99% level of feeding. Sixty-three percent of the adequate fits were observed for the 4.0-mm sieve.
Mastication of forages produces a wide range of particle sizes (Grenet et al., 1990) . In addition, the nature of the chewing process is such that characteristics of resulting particles are not distributed normally about the mean, but exhibit frequency distributions skewed toward small sizes (Wilson et al., 1989) . In our study, frequency distributions varied among samples, sieves, and sieves within samples. To complicate matters further, sieving results in an array of sizes on each sieve (Luginbuhl et al., 1989a (Table 2) . Closer examination of WI data showed that asymptotic SE were greater for data collected on particles from the smaller sieves. Width values did not produce a smooth continuum. Values were somewhat clustered and, as a result, the sigmoidal curves had a somewhat stairstep-like appearance (Figure 3) .
During ingestion, forage particles are crushed and hgmented to facilitate bolus formation and deglutition (Luginbuhl et al., 1989a ). Mastication probably affects particle LE to a greater extent than particle WI as a result of the elongated morphology of grass leaves and stems. Pond et al. (1984 Pond et al. ( , 1987 reported that during the chewing process longitudinal fractionation of grass particles occurred among vascular bundles; they further estimated the width of single vascular bundles to range between .03 and .1 mm. Wet-sieving may predominantly separate elongated particles on the basis of LE and spheroidal particles on the basis of diameter (Vaage et al., 1984; Van Scest et al., 1988) . Hence, observed distributions for WI of ingested particles could be either a direct function of the n a~e of chewing or an artifact of wet-sieving.
Relative differences between the dimensions (estimated using the Gompertz equation) of masticated switchgrass leaf and stem particles (Table 3) were greatest for WI, WUSA, W, and AR on the 2.8-mm sieve. Stem particles retained on the 5.6-mm sieve had larger AR, LE, LWWI, and LE/SA than leaf particles did. Similarly, LE/WI from particles retained on the 2.8-mm sieve were larger for stems than for leaves. On the other hand, larger AR, WI, and WUSA were observed for leaf than for stem particles recovered ftom the 2.8-mm sieve. When dissimilar, dimensions of leaf particles retained on the 1.7-mm sieve were consistently greater than those of stem particles. No differences in FF were observed between leaf and stem particles.
With the exception of WI of leaf and stem particles on the 5.6-mm sieve and WI of stems on the 2.8-mm sieve, LE and WI were greater than SA (Table 3) . Both variables decreased with decreasing SA (r = .98, P < .OOO1 and r = .94, P e .OO01, respectively). Increased F F and 2.0-mm Sieve ---9 = 100 -100 e(+)@ -' ' ').
%,cast squares meaos of four steers in a Latin square design.
CPercentage of dry matter intake determined in initial ad libitum intake phase.
$4 x x x mea)/perimete?.
2. = linear effect of feeding level, P < .a. fl = lintar effect of feeding level, P < .03. gli = linear effect of feeding level P < .M.
decreased LQWI as SA decreased indicate that the particles were less elongated as their size decreased. As SA decreased, both W S A and W S A ratios increased. Similar results have been reported by Luginbuhl et al. (1985 Luginbuhl et al. ( , 1989a and Faichney (1986) , suggesting that as SA decreases, small particles are more likely to pass lengthwise through the sieve. Dimensions of masticated Coastal bermudagrass hay particles (estimated using the Gompertz equation) were not affected by level of feeding ( Table 4) . The LEYWI, however, decreased linearly on both sieves (4.0-mm sieve, P c .08; 2.0-mm sieve, P c .03) as feeding level increased, whereas a linear increase (P < .05) was observed for FF on the 2.0-mm sieve. These results suggest that increasing the feeding level affected ingestive mastication, resulting in less elongated and(or) more regularly shaped particles. Compared with particles retained on the 4.0-mm sieve, smaller dimensions, smaller LE/FcrI, and greater FF of particles retained on the 2.0-mm sieve confirm, as in T r i a l 1, that particles became less elongated as their size decreased. Finally, these results (Tables 3 and 4) demonstrate that the assumption that length of particles retained on a sieve corresponds to the mesh aperture of that sieve is incorrect and leads to underestimation of actual particle dimensions. Similar findings have been reported with means calculated assuming a normal distribution (Luginbuhl et al., 1989a) .
Animals chewed bermudagrass hay to similar dimensions (Luginbuhl, 1987) , indicating that within a feed, particles are fragmented to a certain size during bolus formation before swallowing. Although particles were reduced to a similar size during ingestion, large differences existed among animals in distribution of particle weights on screens of MH, ruminal upper strata digesta, mixed reticulorumind digesta, and fecal particles in another part of this study (Luginbuhl et al., 1990) .
Dimensions of airdried switchgrass padcles (Trial 1) did not fit the Gumpertz equation, so comparison of particle dimensions when hydrated or airdried were not made. However, compared with their hydrated state, a greater reduction of leaf than stem fragments was observed, particularly as the result of greater curling of leaf particles during drying (Figure 4) Direct scanning of material arranged on filter paper could be one alternative to the twostep procedure described above. However, sample preparation is timeconsuming and storing photographs on a computer digitized image, as permanent records before analysis, offers a better alternative. Further, in the procedure described herein, enhancing contrasts during the printing process can substantially decrease time spent manipulating data during scanning.
Assuming that particle size data are normally distributed about the mean could cntically bias experimental results (Table 1) . Assumption of normality could be one altemative to the procedure proposed here, if the residuals from the statistical model were randomly distributed about zero. Analysis of data from Trial 2 met this criterion. Differences between means estimated with the Gompertz model (present study) and means calculated assuming a normal distribution (Luginbuhl et al., 1989a) were small ( Table 5) . Nevertheless, paired t-tests showed means to differ in all cases, except for LEWI on the 4.0-mm and AR on the 2.0-mm sieve. Finally, subjecting differences between means calculated by both methods to ANOVA for a 4 x 4
Latin square showed no effects of level of BGompertz mean -arithmetic mean assuming n o d distribution.
b(4 x x x area)iperimed.
feeding, indicating that both the Gompertz equation and an assumption of normality were consistent and did not result in a significant bias among treatments.
In conclusion, the procedure using the Gompertz equation that we have described provided accurate estimates of dimensions of MH particles. Its application will improve our understanding of the dynamics of the plantanimal interface, including such factors as chewing behavior, particle breakdown, and digesta kinetics relative to plant species, the nature of plant canopies, and defoliation intensities. This new procedure could be especially important when accurate summary statistics for distributions of particle sizes are desired In addition, the equation proposed could be used to follow the reduction of particle dimensions estimated by wet sieving throughout the digestive tract. Based on data from Trial 2, an assumption of normality would not result in significant treatment differences as artifacts; however, accuracy of the reported means would be affected. Further research is needed to verify whether OUT findings are specific to Coastal bermudagrass hay or may be applied to other forages.
lmplicatlons
Use of microcomputer-assisted image analysis after wet sieving allows quantification of the effects of chewing on physical degradation and reduction in particle size of ingested feedstuffs. Coupled with light or electron microscopy this system could be used to quantitatively evaluate ingesta preferentially attacked and digested by the gut microflora as well as ingesta resistant to microbial degradation. Further, this technique could be an important tool in evaluation of digesta kinetics in forage-animal research by pointing out differences in physical degradation and particle size reduction relative to forage species, cultivars, stage of maturity, and environmental conditions.
